ABSTRACT The assembly of microtubules inside the cell is controlled both spatially and temporally. During mitosis, microtubule assembly must be activated locally at the nascent spindle region for mitotic spindle assembly to occur efficiently. In this paper, we report that mitotic spindle components, such as free tubulin subunits, accumulated in the nascent spindle region, independent of spindle formation in the Caenorhabditis elegans embryo. This accumulation coincided with nuclear envelope permeabilization, suggesting that permeabilization might trigger the accumulation. When permeabilization was induced earlier by knockdown of lamin, tubulin also accumulated earlier. The boundaries of the region of accumulation coincided with the remnant nuclear envelope, which remains after nuclear envelope breakdown in cells that undergo semi-open mitosis, such as those of C. elegans. Ran, a small GTPase protein, was required for tubulin accumulation. Fluorescence recovery after photobleaching analysis revealed that the accumulation was accompanied by an increase in the immobile fraction of free tubulin inside the remnant nuclear envelope. We propose that this newly identified mechanism of accumulation of free tubulin-and probably of other molecules-at the nascent spindle region contributes to efficient assembly of the mitotic spindle in the C. elegans embryo.
INTRODUCTION
Microtubules constitute a major cytoskeleton component in eukaryotic cells; they are critical for cell shape determination, cell migration, and mitosis. Structurally, microtubules are polymers of α-and β-tubulin proteins. During mitosis, microtubule assembly is tightly regulated in an intracellular location-dependent manner. The mitotic spindle, which consists of a dense array of microtubules, is formed around the chromosomes to segregate the sister chromatids to the daughter cells (Alberts et al., 2008) . The microtubules are critical for the formation and function of the spindle (Inoue, 1981; Wittmann et al., 2001) .
Eukaryotic cells adopt several strategies to facilitate the localized assembly of microtubules during mitosis. Many animal cells undergo open mitosis, wherein nuclear compartmentalization is lost upon nuclear envelope breakdown (NEBD) at prometaphase (Beaudouin et al., 2002; Salina et al., 2002) , and cytoplasmic tubulin subunits gain access to the nuclear region. Meanwhile, spindle assembly factors (SAFs) are activated locally near the chromosomes to assemble the mitotic spindle Nachury et al., 2001; Wiese et al., 2001) . The small GTPase Ran plays a central role in facilitating spindle formation near the chromosomes (Kalab et al., 1999; Ohba et al., 1999; Wilde and Zheng, 1999; Wilde et al., 2001) . Ran is activated to its GTP-bound form (Ran-GTP) by the guanine nucleotide exchange factor RCC1 (RanGEF), which is bound to chromatin throughout the cell cycle (Dasso, 1993; Carazo-Salas et al., 1999, 
RESULTS

Free tubulin accumulates in the nascent spindle region of C. elegans embryos
To investigate the possible mechanisms underlying the localized assembly of microtubules, we observed the behavior of β-tubulin fused to green fluorescent protein (β-tubulin::GFP) during the first cell cycle of the C. elegans embryo. We noticed that prior to the appearance of filamentous tubulin polymers, tubulin appeared to accumulate uniformly in the nascent spindle region at the onset of spindle formation ( Figure 1A , left panels). We hypothesized that free tubulin, possibly α/β-tubulin dimers, might accumulate in the nascent spindle region prior to spindle formation. However, it was difficult to clearly distinguish free tubulin from tubulin polymer (microtubule) by observing normal cells.
To better understand the behavior of free tubulin, we treated embryos with nocodazole to prevent the polymerization of tubulin (Strome and Wood, 1983) . This treatment also inhibited the attachment of centrosomes (microtubule-organizing centers) to the female pronuclei. Tubulin accumulated in the pronuclear area of nocodazole-treated embryos ( Figure 1A , middle panels). Because this pronuclear area of nocodazole-treated embryos corresponds to the nascent spindle region of untreated embryos, we call this area the nascent spindle region throughout this paper, even though the spindle is not formed in nocodazole-treated embryos. This observation suggests that free tubulin accumulates in the nascent spindle region independent of tubulin polymerization.
There remained the possibility that the accumulation of tubulin inside the nascent spindle region was a consequence of nocodazole treatment rather than a physiological process in normal cells. Inhibition of tubulin polymerization by cold treatment in plants (Schwarzerova et al., 2006) or by cold and nocodazole treatment in cultured cells (Akoumianaki et al., 2009) has been reported to cause aberrant accumulation of soluble tubulin inside the nucleus. It is rather improbable that this is the case in C. elegans embryos, because accumulation of tubulin in the nascent spindle region does not specifically occur immediately after nocodazole treatment but at a specific time during the mitotic phase (CeNEBD), as examined in detail in the next section.
To further exclude the possibility that the accumulation of tubulin inside the nascent spindle region resulted from inhibition of tubulin polymerization, we knocked down the dynein heavy chain (dhc-1) gene by RNA interference (RNAi). In dhc-1 (RNAi) cells, microtubule polymerization appears normal, but the association between the female pronucleus and centrosomes is inhibited (Gönczy et al., 1999) . As a result, filamentous microtubules are reduced to an undetectable level around female-derived chromosomes. The accumulation of tubulin in the female pronuclear region after CeNEBD was detected upon RNAi-mediated knockdown of dhc-1 ( Figure 1A , right panels). This indicated that the accumulation is not due to inhibition of tubulin polymerization and that free tubulin accumulated in the nascent spindle region prior to spindle formation.
The analyses so far used β-tubulin::GFP to examine the localization of tubulin. We investigated whether GFP affects localization and whether intact tubulin (free of GFP) localizes to the nascent spindle region. First, GFP alone did not accumulate in the female pronuclear region at the same stage ( Figure 1A ), indicating that the accumulation of β-tubulin::GFP in the nascent spindle region is not a consequence of the GFP fusion. Moreover, this result is incongruent with the possibility that the accumulation of β-tubulin::GFP in the region is due to an optical artifact. The cytoplasm of starfish oocytes is filled with yolk platelets. Thus macromolecules diffuse evenly throughout the nuclear and cytoplasmic regions but not 2001). Ran-GTP dissociates SAF-importin complexes in order to activate SAFs, such as TPX2 ) and the nuclear mitotic apparatus (NuMA) protein (Nachury et al., 2001; Wiese et al., 2001) . The area of SAF activation is defined by a diffusion gradient of Ran-GTP centered at the chromosome (Kalab et al., 2002 (Kalab et al., , 2006 Kalab and Heald, 2008) .
Cells undergoing closed mitosis, such as fungal cells, adopt yet another strategy. In this type of mitosis, the nuclear envelope remains intact throughout the cell cycle. Thus compartmentalization of the nuclear space is maintained. For assembly of the mitotic spindle during the mitotic phase, SAFs are imported into the nuclear space by a phase-specific nuclear transport mechanism. For instance, in Schizosaccharomyces pombe, Alp7p/TACC and Alp14p/ TOG are imported during the mitotic phase into the nucleus, where they activate the spindle assembly (Sato and Toda, 2007; Sato et al., 2009) . Ran also plays a critical role here in defining the region of spindle assembly. Ran can be found in its GTP-bound form inside the nucleus and in its GDP-bound form in the cytoplasm. The distinct forms of Ran on either side of the nuclear membrane define the direction of nuclear import and export (Ohno et al., 1998; Harel et al., 2003) . Ectopic change of Ran-GDP to Ran-GTP in the cytoplasm leads to the loss of nuclear compartmentalization, even in S. pombe (Arai et al., 2010; Asakawa et al., 2010) .
Some organisms adopt intermediate forms of mitosis, called semi-open mitosis, as seen in Drosophila melanogaster (Stafstrom and Staehelin, 1984; Kiseleva et al., 2001) , Asterina miniata (starfish; Terasaki et al., 2001; Lenart et al., 2003) , Aspergillus nidulans (De Souza et al., 2004) , Ustilago maydis (Straube et al., 2003 (Straube et al., , 2005 , and Caenorhabditis elegans (Lee et al., 2000) . In C. elegans, the permeability barrier between the nucleus and the cytoplasm is lost during prometaphase, allowing nuclear proteins, such as free histones, to diffuse into the cytoplasm. This process is commonly known in C. elegans research as NEBD (Hachet et al., 2007; Portier et al., 2007) . In this article, we refer to this process as C. elegans nuclear envelope breakdown (CeNEBD) to discriminate it from the complete nuclear envelope disassembly that occurs in cells undergoing open mitosis. At the same time, the components of the nuclear membrane maintain a spherical shape (Lee et al., 2000; Kirkham et al., 2003; Audhya et al., 2007) . This structure may correspond to the socalled spindle envelope observed in several species (Stafstrom and Staehelin, 1984; Harel et al., 1989; Zheng, 2010) . We hereafter refer to the membranous structure formed even in the absence of spindle formation as the remnant nuclear envelope (Srayko et al., 2005) . Some components like lamin and the nuclear pore complex (NPC) are down-regulated after CeNEBD (Lee et al., 2000) ; other components remain until the late telophase. Compared with open-and closed-mitosis species, little is known about the mechanism underlying the localized assembly of microtubules during semi-open mitosis. Similar to open-mitosis species, chromatin stimulates microtubule assembly in an Aurora A (air-1)-dependent manner in C. elegans (Toya et al., 2011) . Furthermore, microtubules growing from the centrosomes during mitosis are biased toward chromosomes in a Ran (ran-1)-dependent manner (Srayko et al., 2005) .
The free subunit concentration has profound effects on the dynamics of multi-stranded filaments such as microtubules (Howard, 2001) . Importantly, the accumulation of free tubulin in the nascent spindle region can potentially trigger microtubule formation in an all-or-none manner, ultimately exerting a major effect on construction of an appropriate environment for spindle formation. In this study, we describe the localization of free tubulin subunits, which may contribute to the localized assembly of microtubules during the mitotic process in the C. elegans embryo.
Molecules other than tubulin accumulate in the nascent spindle region independent of spindle formation Previously, human lissencephaly gene-related protein (LIS-1), a regulator of microtubule function, has been shown to localize in the cytoplasm during the interphase and to accumulate in the nascent spindle region during mitosis in the C. elegans embryo (Cockell et al., 2004) . We also observed similar accumulation of dynactin complex component 1 (DNC-1) and 2 (DNC-2), both of which are subunits of the dynactin complex and are required for spindle formation (Skop and White, 1998 ; Figure 1B and Supplemental Table  S1 ). Another dynein subunit, dynein light chain roadblock type (DYRB-1), and nonmuscle myosin (NMY-2), also accumulated in the nascent spindle region ( Figure 1B and Table S1 ). The role of DYRB-1 and NMY-2 in the spindle assembly remains unclear, but it has been reported that myosin-1C stabilizes the mitotic spindle in Dictyostelium discoideum (Rump et al., 2011) . In contrast, neither histone H2B nor 70-kDa dextran accumulated in this region; these results were similar to those seen with GFP alone ( Figure 1B and Table S1 ). DNC-1 and LIS-1 also did not accumulate uniformly in the nascent spindle region after nocodazole treatment ( Figure 1B and Table S1 ). The results indicate that the accumulation is not specific for tubulin nor is it general to all molecules. Importantly, the selective accumulation of these molecules was independent of spindle formation, as we blocked spindle formation by nocodazole treatment. We focused on tubulin to further characterize the nature of this accumulation.
Accumulation starts when permeability across the nuclear envelope rises
The accumulation of tubulin in the nascent spindle region might occur via selective transport across the nuclear membrane before CeNEBD. After CeNEBD, permeability across the nuclear membrane rises, and transport becomes nonspecific. A previous report suggested that accumulation of LIS-1 occurs before CeNEBD (Cockell et al., 2004) . In cultured human cells that undergo open mitosis, cyclin B accumulates in the nucleus just before NEBD through a selective import mechanism (Pines and Hunter, 1991; Ookata et al., 1992) . We attempted to identify when the accumulation of tubulin takes place in C. elegans cells.
To monitor the timing of CeNEBD, we followed the expression of histone H2B::mCherry. Histones are selectively accumulated within the nucleus in interphase, but free histone (which is not incorporated into the chromosome) diffuses throughout the cytoplasm upon CeNEBD (Hachet et al., 2007; Portier et al., 2007) . We confirmed that the timing of histone diffusion to the cytoplasm coincided with that of the entry of 70-kDa dextran into the nascent spindle region, which is a general criterion of NEBD (Galy et al., 2003; Lenart et al., 2003; Portier et al., 2007;  Figure S2A ). The t value-calculated by subtracting the mean signal intensity of the cytoplasmic region from that inside the nascent spindle region and dividing the value by the estimated SE-was used to evaluate the statistical significance of the accumulation in the nascent spindle region (Figure 2 ). On the basis of this value, we determined that histone diffusion into the cytoplasm (i.e., CeNEBD) and tubulin accumulation took place simultaneously in nocodazole-treated embryos. Importantly, in nocodazole-treated embryos, the timing of CeNEBD differs between male and female pronuclei (Hachet et al., 2007; Portier et al., 2007) . The timing of tubulin accumulation also differed between male and female pronuclei and coincided with the CeNEBD of each pronucleus. The result indicated that tubulin does not accumulate in the nuclear region before CeNEBD but rather in the nascent spindle region after CeNEBD. We also determined the within the platelets, and therefore appear to be concentrated in the nuclear region in a nonspecific manner (Lenart et al., 2003) . Our observations of GFP localization exclude this effect in the C. elegans embryo. Second, we performed antibody staining against intact tubulin in N2 (wild-type) C. elegans strain (Supplemental Figure S1 ) and observed the accumulation of intact tubulin after nocodazole treatment. The nuclear accumulation of tubulin upon knockdown of dhc-1 has been reported previously (Terasawa et al., 2010) . These results collectively support the accumulation of intact tubulin in the nascent spindle region. detailed timing of LIS-1 translocation and found that LIS-1::GFP also translocates after CeNEBD ( Figure S2B ). This suggests that CeN-EBD triggers the nuclear accumulation of tubulin, as well as other molecules. Conversely, it is unlikely that tubulin accumulates via a selective transport mechanism across the nuclear membrane, because the permeability of the membrane increases at CeNEBD. The NPCs responsible for the selective transport are disassembled soon after the CeNEBD (Lee et al., 2000; Galy et al., 2006) , whereas the accumulation of tubulin persists. Thus it is unlikely that the accumulation occurs via selective transport.
Untimely permeabilization of the nuclear envelope and the accompanying tubulin accumulation were observed in lamin/lmn-1 (RNAi)
To obtain insight into the regulatory mechanism of nuclear envelope permeabilization and tubulin influx, we examined the role of lamin/ LMN-1. Nuclear lamins form structural layers inside the nucleus and are critical for the integrity of the nuclear envelope (Gruenbaum et al., 2005) . LMN-1 is the only nuclear lamin in C. elegans . LMN-1 dissociates from the nuclear envelope after CeNEBD (Lee et al., 2000; Portier et al., 2007) , which corresponds to the timing of nuclear envelope permeabilization and tubulin influx. When we knocked down lmn-1 by RNAi, β-tubulin::GFP was not excluded from the nuclear region at the early stage of the pronuclear migration ( Figure 3A ). This mislocalization was more evident in nocodazole-treated embryos, which lacked polymerized microtubules ( Figure 3B ). On the other hand, at the early stage of cortical ruffling (Cowan and Hyman, 2004) , we observed exclusion of tubulin from the nuclear region. However, tubulin accumulated in the nuclear region shortly thereafter. This occurred far earlier than in the control embryos. The overall nuclear envelope structure appeared intact under the fluorescence microscope ( Figure S3A ), although some abnormalities were reported with detailed analysis under an electron microscope (Cohen et al., 2002) . The defect in exclusion of the cytoplasmic materials in lmn-1 (RNAi) was also observed for dextran ( Figure S3B ). In addition, nuclear materials, such as free histone, diffused into the cytoplasm concurrently with tubulin influx (Figure 3 , A and B). Therefore cytoplasmic and nuclear materials were typically mixed when lmn-1 was knocked down, similar to what we observed after CeNEBD in the normal cells. The dissociation of lamin itself is unlikely be a direct trigger for nuclear envelope breakdown in starfish or vertebrate cells (Beaudouin et al., 2002; Lenart et al., 2003) . Combined with these reports, our present result suggests that abolishment of lamin/LMN-1-dependent structures in the nuclear envelope, but not of lamin itself, triggers the permeabilization of the nuclear envelope and the influx of tubulin to the nascent spindle region upon CeNEBD.
Tubulin accumulates inside the "remnant nuclear envelope" When Srayko et al. (2005) found the biased microtubule outgrowth in C. elegans, they speculated that the nuclear envelope remaining after CeNEBD (the "remnant nuclear envelope") could be involved in defining the biased region. Because the deformed region of tubulin accumulation appeared to have clear boundaries, we attempted to determine whether these boundaries coincided with the remnant nuclear envelope. When we visualized the remnant nuclear envelope in the SP12 (endoplasmic reticulum [ER]-resident signal peptidase)::mCherry strain (Green et al., 2008) , the SP12 signal coincided with the boundary of accumulation (Figure 4, A and B) . Therefore the region of the accumulation is probably confined by the remnant nuclear envelope. The remnant nuclear envelope might contribute to biased microtubule outgrowth by blocking FIGURE 2: Tubulin accumulation occurs during CeNEBD. (A) Confocal time-lapse images of a nocodazole-treated embryo simultaneously expressing β-tubulin::GFP (green) and histone H2B::mCherry (labeling chromosomes and diffusive histones, magenta). The exit of free H2B:mCherry from the pronucleus was used as a marker of CeNEBD. Scale bar: 5 μm. (B) Quantification of the entry kinetics of tubulin (green) and exit kinetics of free H2B::mCherry (magenta) by using t values. The t value was calculated by subtracting the mean fluorescence intensity of the cytoplasm from that inside the nuclear/nascent spindle region and dividing the difference by the estimated SE. Higher t values indicate significant accumulation in the nuclear/nascent spindle region, and negative t values indicate brighter intensity in the cytoplasmic region. Note that the CeNEBD of female and male pronuclei takes place at distinct time points in nocodazole-treated embryos (see text). Thus the values were calculated separately for female (solid lines) and male (dotted lines) pronuclei. A "0" indicates the time point of the CeNEBD of a female pronucleus when the t value of free H2B::mCherry signals reaches halfway (50%) from the minimum to maximum values for a female pronucleus. The average value ± SD is shown (n = 6). nascent spindle region, which supports localized accumulation of free tubulin being the underlying mechanism for biased microtubule outgrowth in the C. elegans embryo.
ran-3, an orthologue of RCC1 (RanGEF) that activates SAFs near chromosomes in cells undergoing open mitosis, was not required for the accumulation of free tubulin in C. elegans ( Figure 5B ). This was not surprising, because ran-3, unlike ran-1, is dispensable for spindle formation in the C. elegans embryo (Askjaer et al., 2002) . Although the amino acid sequence of C. elegans RAN-3 is similar to that of RCC1 (RanGEF), it is not clear whether C. elegans RAN-3 plays an important role, as RCC1 (RanGEF) does in other species. The defective tubulin accumulation in ran-1 (RNAi), but not in ran-3 (RNAi), might be the cause of defective spindle formation in ran-1 (RNAi), but not in ran-3 (RNAi), embryos.
Because Ran/RAN-1 is a multifunctional protein, we could not specify the mechanism through which Ran/RAN-1 contributed to tubulin accumulation. However, we can exclude some possibilities. We did not observe any apparent defect in the morphological feature of the SP12::mCherry-labeled nuclear envelope in ran-1 (RNAi) compared with the control or ran-3 (RNAi) embryos ( Figure S4 ). In addition, the decondensed chromosomes in ran-1 (RNAi) embryos did not inhibit tubulin accumulation, because the location of the chromosomes did not affect the uniform distribution of tubulin inside the nascent spindle region ( Figure S5 ).
The immobile fraction of tubulin is enriched inside the nascent spindle region in a Ran-dependent manner
So far, we have demonstrated that a specific region around the chromosomes in which tubulin and other molecules accumulate is formed during semi-open mitosis in the C. elegans embryo. In closed or open mitosis, the mechanism of formation of such specific microtubule growth across the envelope or actively depolymerizing the microtubule when it reaches the envelope (Srayko et al., 2005) . Our results suggests a microtubule polymerization-independent role for the remnant nuclear envelope, in which it functions as a boundary that defines the accumulation of free tubulin. It is unclear at this moment how the permeabilized envelope can function as the accumulation boundary.
Inactivation of Ran inhibits tubulin accumulation in the nascent spindle region
Because biased microtubule outgrowth is dependent on ran-1 (Srayko et al., 2005) , we examined whether the accumulation of free tubulin also depends on ran-1. We used RNAi to knock down ran-1 and examined the localization of tubulin after nocodazole treatment ( Figure 5A ). During interphase, tubulin was excluded from the nucleus. This exclusion was later lost. However, further accumulation of tubulin in the nascent spindle region was not observed. This result indicates that Ran/RAN-1 is required for tubulin accumulation in the FIGURE 3: lmn-1 (RNAi) induces untimely permeabilization of nuclear envelope. Time-lapse imaging of wild-type (control) and lmn-1 (RNAi) embryos expressing β-tubulin::GFP and histone H2B::mCherry without nocodazole treatment (A) or in 10 μg/ml nocodazole (B). Single confocal sections of selected time points during and after cortical ruffling stage after fertilization are shown for each embryo. Time (s) denotes the time elapsed from the completion of cortical ruffling. The accumulation of tubulin (arrows) and diffusion of free histones into cytoplasm is observed after cortical ruffling in control (n = 3/3 for embryos without nocodazole treatment; n = 3/3 for those with treatment), but during cortical ruffling in lmn-1 (RNAi) (n = 8/8 for those without treatment; n = 10/10 for those with treatment). Scale bars: 5 μm. specific region is photobleached, and the recovery of the fluorescence in the region reflects the mobility of the molecule (Axelrod et al., 1976) . We bleached a portion of the nascent spindle region (2 μm in diameter) and quantified the recovery kinetics by using the Olympus FV1000 microscope system (Figure 6, A, B, and D) . We compared the recovery kinetics of tubulin between the nascent spindle region and the cytoplasmic (control) region by plotting the normalized fluorescence intensity against the time elapsed and by fitting the plotted points to an exponential curve ( Figures 6A and  S6 ). Because the best-fit exponential curve with one exponential component did not give a good representation of the plot, we used regions around the chromosome involves nuclear compartmentalization by the intact nuclear envelope or a gradient of Ran-GTP (see Introduction). However, both scenarios are unlikely in the case of tubulin accumulation in C. elegans. The compartmentalization of the nuclear envelope is lost upon CeNEBD, as NPC disassembles (Lee et al., 2000; Franz et al., 2005; Galy et al., 2006) , and several macromolecules freely diffuse across the membrane ( Figure 1B) . It is also thought that the spindle envelope in Drosophila does not act as a diffusion barrier Lince-Faria et al., 2009) . A simple diffusion gradient of Ran-GTP is also unlikely to be involved in the accumulation, because 1) the shape of the accumulated region is not consistent with a simple gradient ( Figure 3) and 2) ran-3, a putative counterpart of RCC1 (RanGEF) in C. elegans, is not required for the accumulation ( Figure 5) . A remaining possibility is that the region of tubulin accumulation corresponds to the spindle matrix (Johansen et al., 2011) . Ran triggers assembly of the vertebrate spindle matrix (Tsai et al., 2006) . Spindle matrix-like structures have been demonstrated in species exhibiting semi-open mitosis, such as Drosophila (Lince-Faria et al., 2009) and A. nidulans (Ukil et al., 2009) .
To obtain insight into the mechanism of tubulin accumulation, we conducted fluorescence recovery after photobleaching (FRAP) analyses (Figure 6 ). In this technique, a fluorescent molecule in a However, this increase did not depend on RAN-1, as tubulin in the nascent spindle of ran-1 (RNAi) embryos had a slower mobile fraction similar to that seen in normal embryos (55% ± 1.1%; Figure 6 , A and D). This result indicates that the increase in the slower mobile fraction is independent of ran-1 and thus cannot account for the ran-1-dependent tubulin accumulation. However, we did observe a slight accumulation of tubulin even in ran-1 (RNAi) embryos ( Figure 5 ), which suggests that a ran-1-independent mechanism of tubulin accumulation exists. In conclusion, we propose that an increase in the immobile (for >15 s) and slow-mobile (t 1/2 is ∼1 s) fractions in the nascent spindle region act in concert to favor the accumulation of tubulin in the nascent spindle region.
DISCUSSION
Tubulin accumulates in the nascent spindle region
In this study, we demonstrated that free tubulin accumulates in the nascent spindle region during semi-open mitosis in the C. elegans embryo (Figure 1 ). Because microtubule nucleation and polymerization can be facilitated by an increase in substrate (i.e., free tubulin) concentration, the accumulation of free tubulin may be a mechanism to facilitate microtubule formation in this region. Furthermore, because microtubules are a major component of the mitotic spindle, and the timing and region of accumulation coincides with that of the spindle assembly, we propose that the accumulation of tubulin is a mechanism that facilitates spindle assembly. The phenotype of ran-1/Ran (RNAi) embryos supports this notion because RNAi impairs both tubulin accumulation ( Figure 5 ) and spindle formation (Askjaer et al., 2002; Bamba et al., 2002) . Importantly, during spindle assembly in the C. elegans embryo, it has been reported that microtubule outgrowth is biased at the spindle region in a ran-1-dependent manner (Srayko et al., 2005) . Our findings further provide a possible explanation for the biased outgrowth of the microtubule, because the localized tubulin accumulation should promote polymerization of the microtubule at this region.
Tubulin may also accumulate in other semi-open mitosis species such as A. nidulans. In A. nidulans, the nuclear envelope looks intact, but the NPC is partially disassembled during the mitotic phase to allow the entry of cytoplasmic molecules, such as tubulin, into the nuclear space (De Souza et al., 2004) . Previous studies clearly showed that tubulin enters the nuclear region in A. nidulans (De Souza et al., 2004) , but whether the tubulin accumulates at this region to a greater extent than in the cytoplasmic region, as observed in C. elegans, is not known (Ovechkina et al., 2003) .
Other molecules also accumulate in the nascent spindle region
Molecules other than tubulin accumulate inside the nascent spindle region. Such molecules include dynein-associated protein (LIS-1; Cockell et al., 2004) , subunits of the dynein/dynactin motor complex (DNC-1, DNC-2, and DYRB-1), and myosin (NMY-2; Figure 1B) . Interestingly, accumulation of DNC-1 and LIS-1 in the nascent spindle region was abrogated by nocodazole treatment, suggesting that association of these molecules with microtubule-based structures drives their localization ( Figure 1B) . Previous studies reported that LIS-1::GFP (Cockell et al., 2004) , Nup107, and MEL-28 (Franz et al., 2005; Galy et al., 2006) accumulate in similar regions during the mitotic phase in the C. elegans embryo. However, the precise timing of the accumulation or its dependency on spindle formation had not been clarified for these molecules. Recently, Toya et al. (2011) reported that Aurora A/AIR-1 accumulates in a region corresponding to the nascent spindle region prior to tubulin accumulation in the C. elegans embryo (Toya et al., 2011) . This suggests a a biexponential curve. A significant difference was detected in the population of the immobile fraction between the nascent spindle region (11.8% ± 1.0% [2× SE]) and the cytoplasmic (control) region (2.3% ± 1.5%; p < 0.05; Figure 6, A and B) . Importantly, the increase in the immobile fraction in the nascent spindle region, as compared with the cytoplasmic region, was not detected in ran-1 (RNAi) embryos (nascent spindle region, 5.0% ± 1.1%; cytoplasmic region, 7.4% ± 1.5%; Figure 6 , A and B). In the ran-1 (RNAi) embryos, we observed not only a decrease of the immobile fraction in the nascent spindle region compared with the controls but also an increase of the fraction in the cytoplasmic region. A possible explanation for this observation is as follows: in the wild-type condition, a structure that stably traps tubulin is located only in the nascent spindle region. On ran-1 (RNAi), the compartmentalization between the nascent spindle region and the cytoplasmic region is lost, and the structure that traps tubulin is diffused to the cytoplasm. Such a scenario can explain the decreased immobile tubulin fraction at the nascent spindle region and, simultaneously, an increased immobile tubulin fraction at the cytoplasmic region.
The mobile fraction of tubulin also contributes to tubulin accumulation
Enrichment of the immobile fraction of tubulin may not be the sole mechanism responsible for tubulin accumulation inside the nascent spindle region. In contrast to the experiment in the preceding section, in which we bleached a portion of the nascent spindle region, we photobleached the entire nascent spindle region after tubulin accumulation in the nocodazole-treated cells by using the Mosaic digital illumination system (Andor Technology). We found that the fluorescence recovered to a level higher than that of the nonbleached cytoplasmic region ( Figures 6C and S7 ). This reaccumulation occurred within ∼15 s. On the basis of the previous FRAP analysis after bleaching of a small region ( Figure 6A ), we concluded that the detected immobile fraction is immobile for >15 s. Thus it is difficult to explain this reaccumulation of the fluorescence based on the contribution of the immobile fraction only. Therefore, in addition to the immobile fraction, a mobile tubulin fraction diffusing in and out of the nascent spindle region might contribute to the accumulation. In this case, we suspect that the mobility of tubulin differs between the nascent spindle region and the cytoplasm.
To explain tubulin accumulation independent of the immobile tubulin fraction, we hypothesized a transient trap (shorter than 15 s) of tubulin in the nascent spindle region. Such a transient trap explains the accumulation and reaccumulation of the fluorescent tubulin to the nascent spindle region within 15 s after photobleaching. The existence of such a transient trap should be reflected in the mobility observed in the FRAP analysis, in which we bleached a portion of the nascent spindle region, because the transient trap should reduce the apparent mobility of the population (Sprague et al., 2004) . The t 1/2 (half-life time) value, which is the time required for the fluorescence of the bleached region to recover half of its plateau intensity, is often used as an index of molecule mobility in FRAP analysis (Axelrod et al., 1976; Sprague et al., 2004) . When we fitted the dynamics of the FRAP of a small region in a nascent spindle region and a control region into the biexponential curve model (see Materials and Methods) , the proportion of the slower mobile fraction (t 1/2 = 1.03 s) against the faster mobile fraction (t 1/2 = 0.125 s) was significantly larger in the nascent spindle region (57% ± 1.0% [2× SE]) than in the control cytoplasmic region (23% ± 1.5%; p < 0.05; Figure 6 , A and D). The result was consistent with the idea that more tubulin molecules are trapped transiently inside the nascent spindle region, as compared with the cytoplasmic region.
1989; Zheng, 2010) . Thus it is suspected that the mitotic spindle provides the framework for the remnant nuclear envelope. Lamin, a component of a subjacent structural layer of the nuclear envelope, disassembles soon after CeNEBD (Lee et al., 2000) . This disassembly of lamin and the failure of the microtubule to form the spindle might be the cause of the deformation of the remnant nuclear envelope in nocodazole-treated cells. The mode of interaction between the membrane and spindle components is also an interesting aspect to be studied in the future.
Mechanism of localized tubulin accumulation
We propose that the mechanism of tubulin accumulation is likely to be different from the known mechanisms responsible for the concentration of molecules around the chromosome, such as the Ran-GTP gradient and selective nuclear import. However, the nature of the mechanism of tubulin accumulation in C. elegans has not been fully unraveled yet. In this study, we showed that 1) the boundary of the region of accumulation coincides with the remnant nuclear envelope, 2) tubulin accumulation requires ran-1/Ran, and 3) tubulin accumulation is accompanied by an increase in the immobile tubulin fraction at the nascent spindle region. On the basis of these observations, we propose the following scenario as a mechanism of localized tubulin accumulation: Before CeNEBD, free tubulins and other materials of the mitotic spindle are excluded from the nucleus to prevent contact with the chromosomes, which might trigger untimely spindle formation. On CeNEBD, the nuclear envelope is permeabilized and free tubulins and other molecules passively diffuse into the nuclear space (i.e., the nascent spindle region). These molecules are trapped in the region bordered by the remnant nuclear envelope and thus accumulate. A structure similar to the spindle matrix in vertebrates may be formed in the same region to trap free tubulins. Considering that ran-1/Ran has multiple functions inside the cell, including nuclear import, nuclear envelope assembly, and microtubule stabilization (Askjaer et al., 2002; Salus et al., 2002) , it is unclear which of Ran's functions is involved in the accumulation of tubulin. In future experiments, it would be of interest to search for genes specifically involved in tubulin accumulation to gain insight into the mechanism of tubulin accumulation. C. elegans counterparts of SAFs enriched in the vertebrate spindle matrix, such as NuMA, Eg5, XMAP215, and poly(ADP-ribose) (PAR; Zheng, 2010) , and Drosophila microtubule-independent spindle matrix structural proteins, such as Skeletor and Megator (Walker et al., 2000; Qi et al., 2004; Johansen et al., 2011) , are promising candidates for study. On another note, and because the accumulation of free tubulin occurs in the vicinity of the chromosomes, the accumulation may also be important for chromatin-stimulated microtubule formation (Toya et al., 2011) . Understanding the unique strategy contributing to the change in the molecular environment around the chromosome during semi-open mitosis in C. elegans will contribute to better understanding of the common mechanisms underlying various forms of mitosis in eukaryotic cells.
MATERIALS AND METHODS
C. elegans strains and maintenance
The strains used in this study are listed in Table S2 . CAL0461 (H2B:mCherry) was obtained by backcrossing OD139 with N2. CAL0451 and CAL0491 were obtained by mating AZ244 with SP12::mCherry or CAL0461, respectively. All C. elegans strains were cultured on nematode growth medium (NGM) plates and fed with OP50 Escherichia coli according to standard methods (Brenner, 1974) . For nocodazole treatment, nocodazole (Sigma-Aldrich, St. Louis, MO) was added to M9 buffer at a concentration of 10 μg/ml regulatory cascade for the accumulation of various molecules in the nascent spindle region, in which the accumulation of one molecule triggers that of another. Although the accumulation does not occur for all molecules, a variety of molecules may accumulate in the nascent spindle region. On the basis of the features of the accumulated molecules, we consider their accumulation a mechanism that changes the molecular composition around the chromosome to facilitate spindle formation in the C. elegans embryo.
Timing of tubulin influx, nuclear envelope breakdown, and lamin function
We demonstrated that the timing of tubulin influx into the nuclear region coincides with the general permeabilization of the nuclear envelope (CeNEBD; Figure 2 ). In addition, we showed that lamin/ LMN-1 is required to prevent the influx of tubulin and other cytoplasmic materials (Figures 3 and S3) . The loss of exclusion of tubulin from the nuclear space upon knockdown of lamin-related proteins (emerin/EMR-1 and Lem2/LEM-2) has been previously observed (Meyerzon et al., 2009) . However, to our knowledge, it has not been taken into consideration even in this study or in studies involving other model organisms. Untimely permeabilization of the nuclear envelope is an important phenotype resulting from lamin dysfunction and may be implicated in laminopathies, a group of human diseases caused by mutations in lamins and lamin-related molecules (Gruenbaum et al., 2005) . Untimely permeabilization of the nuclear envelope and the resulting tubulin accumulation in lmn-1 (RNAi) also provides better information on the mechanism and the function of tubulin accumulation. A hypothetical substrate to trap tubulin to the nascent spindle region may exist inside the nucleus before CeNEBD or may be formed prematurely inside the nucleus when lmn-1 is knocked down. The accumulation of tubulin alone is not enough to form the mitotic spindle; we did not observe an apparent untimely spindle in the lmn-1 (RNAi) embryos.
Role and structure of the remnant nuclear envelope/spindle envelope Several species, including C. elegans, retain the structure of the nuclear envelope after the permeability of the envelope increases (Galy et al., 2003; Lenart et al., 2003; Portier et al., 2007) . The role of the remnant nuclear envelope or "spindle envelope" has been unclear. Previous theoretical studies proposed that the membrane components would provide physical strength to the spindle during open mitosis (Civelekoglu-Scholey et al., 2010; Poirier et al., 2010) . In this study, we found that the remnant nuclear envelope forms the border of the region in which tubulin accumulates (Figure 4) . Nevertheless, the precise role of the envelope for tubulin accumulation is still unclear. Our FRAP experiment, in which we bleached a portion of the nascent spindle region, demonstrates that tubulin is less mobile in the nascent spindle than in the cytoplasmic region, and thus suggests the existence of a hypothetical substrate that traps tubulin. The remnant nuclear envelope may define the limit of the region to which this hypothetical substrate extends, rather than functioning as a diffusion barrier that confines tubulin. For better understanding of the structure and function of the remnant nuclear envelope, detailed characterization of the membrane using electron microscopy (Kirkham et al., 2003) and analysis of the membrane's molecular composition is required.
We also demonstrated that the maintenance of the spherical shape of the envelope requires spindle formation (Figure 4) . Under normal conditions, that is, without nocodazole treatment, the remnant nuclear envelope does not deform, but instead exhibits an organized spindle shape (Stafstrom and Staehelin, 1984; gel electrophoresis assay. The dsRNA solution was injected into the gonads or the intestine of L4 larvae, and the injected worms were incubated at 22°C for 16-20 h. After this incubation period, the injected worms were individually transferred to new plates and incubated at 22°C for several hours to lay eggs. This was done to test the hatching ratio. The embryonic lethality phenotype of RNAi-injected larvae was evaluated by the ratio of hatching after incubating the plates with eggs at 22°C for another 24 h.
Injection of fluorescently labeled dextran
Injection of dextran was performed as previously described (Galy et al., 2003; Portier et al., 2007) . In brief, Texas Red-labeled 70-kDa dextran (emission/excitation = 595/615 nm; Molecular Probes) was diluted to a final concentration of 2 mg/ml in injection buffer (20 mM KPO 4 , pH 7.5, 3 mM potassium citrate, pH 7.5, and 2% polyethylene glycol-6000 [Wako Pure Chemical Industries, Osaka, Japan]). The solution was injected into the gonads of young adult worms following the procedure used for injection of dsRNA for RNAi. Injected worms were incubated for 4-5 h at 22°C on NGM plates before observation of the embryos in order to allow incorporation of the dextran into the newly formed embryos.
Image quantification
All image processing and quantification, except for FRAP analysis, were carried out with Image J version 1.39e software (NIH). Normalization and conversion of the measured fluorescence intensity were performed using Microsoft Excel (Microsoft, Redmond, WA).
To quantify the temporal kinetics of tubulin accumulation and free H2B exit (Figure 2) , we calculated the t value of the fluorescence intensity of the nuclear/nascent spindle region and the cytoplasm. To calculate the t values, we quantified the mean and variance of fluorescence intensity of β-tubulin::GFP and free H2B::mCherry within a circular region with the diameter of 36 (β-tubulin::GFP) or 10 pixels (H2B::mCherry). The measurement was conducted for both nuclear/nascent spindle and cytoplasmic regions. The mean fluorescence intensity of the cytoplasmic region was subtracted from the mean fluorescence intensity inside the nuclear/nascent spindle region and divided by the estimated SE to calculate the t value. A larger t value indicates greater tubulin accumulation. We calculated the signal ratio between nuclear/nascent spindle region and cytoplasm as another index to evaluate the accumulation of β-tubulin::GFP. To calculate the ratio, we quantified the mean fluorescence intensity in the nuclear/nascent spindle region and cytoplasm, as was done for the t value calculation. These mean intensities were then normalized by subtracting the mean intensity of a background region (outside the cell), and the ratio was calculated by dividing the mean intensity in the nuclear/nascent spindle region by that in the cytoplasmic region.
For line-scan analysis (Figure 4) , the average fluorescence intensity across the nascent spindle region and cytoplasm was measured along the 5-pixel-wide line. A rim of spindle envelope was identified as the peak of SP12::mCherry intensity. The region of tubulin accumulation was determined as the area with the highest intensity (as compared with the intensity in the cytoplasm).
FRAP
To analyze the dynamics of tubulin inside the remnant nuclear envelope, we performed FRAP experiments after tubulin accumulation in nocodazole-treated one-cell-stage embryos. Photobleaching, image acquisition, and image analysis were performed on an Olympus FV-1000 system equipped with a 60×/1.45 NA oil immersion UPlanSApo objective (Olympus) at room temperature. The just before observation or fixation, as previously described (Kimura and Onami, 2005; Portier et al., 2007) .
Antibody staining
N2 worms were dissected directly on 2% poly-l-lysine-coated glass slides in M9 with or without 10 μg/ml nocodazole. Nocodazoletreated worms were placed at room temperature for 20 min in order to obtain cells undergoing CeNEBD after microtubule depolymerization. The samples were incubated on dry ice for 30 min, after which the eggshell was permeabilized by freeze-cracking, and the sample was fixed in methanol for 30 min at −20°C. The sample was then rehydrated in phosphate-buffered saline (PBS) with 0.1% Tween 20 (PBST) for 30 min. The fixed embryos were incubated with a 1:200 dilution of a mouse monoclonal anti-α-tubulin antibody (DM1A; Sigma-Aldrich). After incubation for 45 min in a humidity box, the embryos were washed twice for 5 min each time in PBST. Secondary antibodies conjugated with Alexa Fluor 488 (Molecular Probes, Eugene, OR) were used at a 1:500 dilution in PBS, incubated in a dark humidity box, and washed twice for 5 min each in PBST. DNA was stained by incubating the embryos for 5 min with 0.02 μg/ml 4′,6-diamidino-2-phenylindole (Sigma-Aldrich) in PBS. Slides were mounted with Slowfade (Molecular Probes) to prevent quenching. Finally, the embryos were sealed with Vaseline. The stained embryos were observed with an Olympus FV1000 confocal fluorescence microscope equipped with a PlanApo 60×/1.4 numerical aperture (NA) lens (Olympus Optical, Tokyo, Japan). Confocal sections along the z-axis were obtained at 1-μm intervals. Threedimensional reconstruction and image processing were carried out with Image J version 1.39e (National Institutes of Health [NIH], Bethesda, MD) and FV1000-ASW software (Olympus).
Live-cell imaging
Adult worms were mounted in M9 with or without 10 μg/ml nocodazole and directly dissected on an 8-well slide. The embryos were sorted with the help of an eyelash brush. A mouth pipette was used to transfer each embryo onto a 2% agar pad mounted on a microscope slide, after which it was covered with an 18 × 18 coverslip (Matsunami Glass Ind., Osaka, Japan). The coverslip was sealed with VALAP (2:2:1 mixture of Vaseline, lanolin, and paraffin) to prevent the embryo from drying. Visualization of GFP or mCherry fusion proteins or Texas Red-labeled dextran was performed by using a spinning-disk confocal system (CSU-X1; Yokogawa Electric, Tokyo, Japan) mounted on a microscope (BX71; Olympus) equipped with an UPlanSApo 100×/1.40 NA objective (Olympus) at room temperature. Images were acquired every 10 s at 100-to 500-ms exposure times. Digital images were obtained by using a charge-coupled device (CCD) camera (iXon; Andor Technology, Belfast, United Kingdom), controlled by MetaMorph imaging software (Molecular Devices, Sunnyvale, CA).
RNAi
RNAi-mediated gene knockdown was performed by injecting double-stranded RNA (dsRNA) into the gonads or the intestine of C. elegans larvae (Fire et al., 1998) . First, PCR amplification was performed using the C. elegans N2 genomic DNA as a template to obtain DNA corresponding to the genes of interest. The sequences of the primers used for PCR amplification are listed in Table S3 . For synthesis of dsRNA, in vitro transcription employing T7/T3 polymerase (Promega Corporation, Madison, WI) was done using the PCR products as templates. dsRNA was purified by phenol/chloroform extraction and resuspended in TE buffer. The expected molecular sizes of the purified dsRNAs were confirmed by agarose Eq. 1.; and A ∞ , τ 1 , τ 2 , and B were optimized by best fitting to each FRAP curve.
For the estimation of the proportion of the slower mobile population (1 − B), fitting of Eq. 1 to the averaged FRAP curves (without the normalization to A ∞ ) was conducted. On fitting against all the FRAP curves, the values of τ 1 and τ 2 were fixed to compare the (1 − B) under the same parameter set of τ 1 and τ 2 between all the conditions. To obtain the fixed τ 1 and τ 2 , fitting to Eq. 1 was performed using the mixed normalized FRAP data obtained for the nuclear-bleached and cytoplasmic-bleached regions in a normal embryo. The goodness of fit was validated by calculating the residuals from the fit plot ( Figure S6 ).
Bleaching of the entire nascent spindle region
For analysis of the kinetics of tubulin accumulation in the nascent spindle region, the whole spindle region was photobleached after tubulin accumulation in one-cell-stage embryos. Imaging, photobleaching, and image analysis were performed using the Mosaic digital illumination system (Andor Technology) equipped with a spinning-disk confocal system (CSU-X1; Yokogawa) with a 100×/1.40 NA Oil UPlanSApo objective (Olympus) at room temperature. Before bleaching, 20 frames of images were captured at 1-s intervals. Then, the entire nascent spindle region and a cytoplasmic region with a corresponding area size (circular regions with a diameter of 65 pixels, corresponding to ∼8.65 μm) were simultaneously photobleached using a 405-nm diode laser at full power for 1 s. After bleaching, 120 frames of images were captured at a 100-ms intervals, followed by 20 frames at 1-s intervals with 50-ms exposures.
For determination of the bleached area along the z-axis, embryos fixed and stained with an anti-α-tubulin antibody were bleached using the same conditions as described above in FRAP. The fixed embryo was imaged every 0.2 μm over 16 μm in thickness, which corresponds approximately to the depth of the embryo, to obtain Z-stacks. Three-dimensional reconstruction of the confocal sequence along the z-axis was created using Volume Viewer from the Image J software (NIH).
Statistical analysis
Statistical differences in Figure 5 were calculated using Student's t test in Microsoft Excel (Microsoft). Statistical differences in Figure 6 were evaluated by whether confidence intervals at 95% confidence level of the two groups overlapped or not. The 95% confidence interval was calculated based on SE values calculated by the Origin software (OriginLab).
imaged region was magnified using electronic optical zooming (5×). Image acquisition was conducted for regions with 256 × 110 pixels (0.099 μm/pixel) at the minimum interval (69 ms) using 488-nm argon lasers at 10% of their power with the pinhole diameter set at 255 μm. Prior to the bleaching, 40 frames of images were acquired. Photobleaching was performed for a circle region of 20 pixels in diameter within the spindle envelope or in the cytoplasmic region using 405-nm diode-pumped solid state lasers at full power for 30 ms. After bleaching, images were acquired until almost no further recovery was detected. Imaging and bleaching were performed independently by a SIM scanner system.
For data analysis, the following normalization protocol was conducted. To evaluate the results quantitatively, we fit the plotted data to smooth curves with a least-square fitting algorithm using the Origin Pro software (version 8.5; Origin Lab, Northampton, MA). In FRAP experiments, a simple recovery can be fitted to an exponential curve with a single component. In our analyses, because exponential curves with a single component did not fit well with the data, we fitted the data to exponential curves with two components. The fitted curve can be represented by the following equation: 
where F(t) is the normalized fluorescence intensity at a time t; A 0 is the normalized intensity immediately after photobleaching; A 1 is the increase in the normalized intensity at saturation (>15 s) after the photobleaching from A 0 ; τ 1 and τ 2 represent the time required for the lifetime of fluorescence recovery for the two components (τ 1 < τ 2 ); and B is the proportion of the population of β-tubulin:GFP within τ 1 , which is a faster mobile population of total amount of the fluorescence recovering in the bleached region. Therefore the slower mobile population was calculated by (1 − B). For estimation of the immobile fraction (A ∞ ), the relative intensities were further normalized to set the value obtained just after photobleaching to 0.0 and the value obtained immediately before photobleaching to 1.0. For direct read out of the immobile fraction [%], the normalized FRAP curves were fitted according to the following equation: 
where F(t) is the averaged fluorescence intensity at a time t; A ∞ is the immobile fraction [%] in the normalized fluorescence intensity at infinite time (>15 s) after the photobleaching; τ 1 , τ 2 , and B are as in
